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INTRODUCTION

Carbon forms compounds with all the transition metals except for the late elements of the
second and third rows of the periodic table. There are considerable variationsin the crystal
structures of these compounds. The structures of compounds formed by transition metals from
the left half of the periodic table tend to be rather simple, often resembling the structure of the
pure metal. Compounds formed from the right half of the periodic table, involving more
electropositive elements, tend to have rather complicated structures. The compounds studied here
are mainly the group 1Vb and Vb monocarbides, but it should be mentioned that with an increase
in the ratio of metal to carbon, the compounds tend to lose stability as evidenced by decreasing
melting points. A maximum in the melting points of these carbides occurs for compounds
containing group Vb transition metals."” This correspondsto afilling of the bonding and anti-
bonding parts of the metallic bands. The lack of stable late transition metal carbides can be
explained by the filling of anti-bonding regions in the bands of these systems.”

EXPERIMENTAL AND CALCULATIONAL DETAILS

Due to the inherently low yield of the soft x-ray emission process, we made use of the
high brightness available at Ernest Orlando Lawrence Berkeley National Laboratory’s Advanced
Light Source (ALS). The spectrawere taken at Beamline 8.0, employing the University of
Tennessee at Knoxville's soft x-ray fluorescence (SXF) endstation. At the carbon K absorption
edge, the resolution of the spectrometer was approximately 0.8 eV. The energy resolution of the
monochromator was set to 0.4 eV during most of these measurements. The carbon K (valence)
emission spectra were calibrated with a reference sample of
highly oriented pyrolytic graphite (HOPG).

In order to better understand our measurements,
LMTO-ASA calculations of these carbide systems were
performed. The transition metal monocarbides have face
centered cubic structures, and are described by the Pearson

symbol cF8, amember of the Fm3m (O ) space group.’ In

these cal culations, the exchange and correlation effects were
treated by the local density approximation of density
functional theory. The exchange-correlation potential
formulated by Hedin and Lundquist was used to obtain self-
consistent solutionsto th_e Kohn-Sham equations.“_ The core crystal Structure of the fransition metal
electron states were obtained as solutions of the Dirac monocarbides. Carbon atoms are
equations. Scalar relativistic terms were retained in the depicted as the light gray spheres,
LMTO Hamiltonian for the electron band states. metals as the dark gray spheres.

The LMTO-ASA method provides rather good

Figure 1. Image of the Fm3m cubic



resultsfor TiC, VC, ZrC, and NbC, but was difficult to apply to the HfC and TaC systems.
Calculations of these systems were performed by Dr. James M. MacL aren from the Department
of Physics at Tulane University using full potential techniques. The full potential linear
augmented Slater type orbital (FP-LASTO) method eliminates any approximation made with
respect to the shape of the effective single-particle potential in the crystal. The interstitial region
Is treated with reciprocal space techniques. A basis consisting of two sets of s, p, and d functions
and asingle set of f functions per atom was used for hafnium and tantalum, and a basis set of two
s, two p, and asingle set of d functions per atom was used for carbon. Decay constants were
obtained by optimizing the basis in an atomic calculation. Electronsin the core states were
treated scalar relativisticaly.

RESULTSAND DISCUSSION

All of the transition metal monocarbides have similar soft x-ray emission spectra. The
samples were excited through the carbon K (1s) absorption threshold using the undul ator and
monochromator at Beamline 8.0 of the ALS. The holes left by the electrons that were excited
into the conduction bands of these samples were filled with electrons from the valence bands of
these materials. Thisalows for a confirmation of the covalent bonding detailed in the
calculations of these systems.

We were able to gain knowledge from
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Figure 2. Soft x-ray emission spectrum of
TiC. The sampleis excited with photons with
the energies listed to the right of the graph.

proportional to the density of states of the material.
In fact, SXES can provide specific information

about the angular momentum density of states of The energies of the photons that are emitted
the electrons in the material, because in the case of  from the interaction are plotted versus the
normal fluorescence, the radiative processes number of emitted photons (intensity) that are

adhere to the dipole selection rule. Because of this  detected by the instrument.

selectibility, the soft x-ray emission spectrafrom

different electron bands can be measured and directly compared to calculations of element
projected and angular momentum projected densities of states in the material.

LMTO-ASA €lectronic structure calculations, as shown in Figures 3 and 4, show good
agreement with the valence band emissions from the boron atoms of TiC. There have been three
proposed models for describing the bonding in transition metal carbides: (1) The carbides are
considered as intercalate phases. The metal-metal interaction is considered predominant with the
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Figure 3. LMTO-ASA calculations of the

electronic band structure of TiC. This Figure 4. Comparison of above absorption threshold SXE

m_at eridl i_s ;tror_lgly covalently bonded, spectrawith LMTO-ASA calculations of the electronic band
with hybridization between all of the structure of TiC

bands, especially between the titanium 3d
and carbon 2p valence bands.

carbon atoms as electron donors.” (2) The carbon-carbon interactions are dominant since the
carbides have bond lengths that are on the order of covalently bonded elemental carbon. Charge

is transferred from the metal atoms to the carbon atoms.” (3) The covalent metal-carbon

interaction is mainly responsible for the bonding of these compounds.* Our calculations show

that the total density of states of TiC is comprised of roughly three peak structures. The lowest
energy peak structureis centered around -10 eV and is composed mainly of electrons from the 2s
bands of the carbon atoms and the 3p and 3d bands of titanium. The broad middle energy
structure is centered around —3.5 eV and is primarily comprised of electrons from the 2p
(valence) bands of the carbon atoms and electrons from the 3d (valence) and 3p bands of the
titanium atoms. The sharp highest energy peak structure is centered around 3.5 eV and is
primarily composed of electrons from the 3d bands of the titanium atoms, with a slight
contribution from boron 2p band electrons.

From our calculations, it appears that the bonding (broad middle energy structure) and
anti-bonding (sharp highest energy peak structure) states are primarily composed of carbon 2p
electron bands and titanium 3d and electron bands. This suggests that the bonding in this system
Is primarily between carbon and titanium atoms, corresponding to a combination of two of the
suggested bonding schemes for the transition metal diborides (2, and 3). TiC, and in fact all of
the transition metal monocarbides are hard because of the great degrees of covalency in these
materials. The densities of states below the Fermi level are almost entirely composed of
contributions from the metal 3d band and the carbon 2p band. Some degree of hybridization is
observed between all the metal and carbon bands in TiC. Our results are in excellent agreement
with calculations of this same system made by other researchers, as well as early experiments of
this compound>*



CONCLUSION

From our measurements and calculations, it appears that the bonding (broad middle
energy structure) and anti-bonding (sharp highest energy peak structure) states in these
compounds are primarily composed of carbon 2p electron bands and metal d electron bands.
This suggests that the bonding in this system is primarily between carbon and metal atoms,
corresponding to a combination of two of the suggested bonding schemes for the transition metal
diborides (2, and 3). All of the transition metal monocarbides are hard because of the great
degrees of covalency in these materials. The density of states below the Fermi level are aimost
entirely composed of contributions from the metal d bands and the carbon 2p band, however,
some degree of hybridization is observed between all the metal and carbon bands in these
materials. Our results arein excellent agreement with calcul ations of these same systems made
by other researchers, aswell as early experiments of these compounds.

REFERENCES

1. Lednor, P. W., Catal. Today, 15 (1992).

2. Oyama, S. T., and R. Keiffer, Carbides. In: Kirk-Othmer Encyclopedia of Chemical
Technology, Fourth edition, M. E. Howe-Grant, Ed., (John Wiley & Sons, New Y ork, 1992),
481.

3. Wyckoff, Crystal Structures, Volume 1. Interscience Publishers: New Y ork, (1963) 360

4. Kohn, W. and L. J. Sham, Physical Review A 140, (1965) 1133.

5. Wittmer, M., J. Vac. Sci. Technol. A, 3 (1985) 1797.

6. Freer, R., The Physics and Chemistry of Carbides, Nitrides and Borides, (Kluwer, Dordrecht,
1990).

7. Gubanov, V. A., A. L. lanovsky, and V. P. Zhoukov, Electronic Structure of Refractory
Carbides and Nitrides. (Cambridge University Press, Cambridge, 1994).

8. Johansson, L. I., Surf. Sci. Reports, 21 (1995) 177.

9. Hagg, G., Z. Phys. Chem., 12, (1931) 33.

10. Brewer, L., ActaMetallica, 15, (1967) 553.

11. Hasegawa, A., J. Phys. C: Solid State Physics, 13, (1980) 6147.

12. Levy, R. B., and M. Boudart, Science, 181, (1973) 547.

Thiswork was supported by NSF Grants (DM R-9017997 and DM R-9420425), the Department of Energy-EPSCOR-
LEQSF (DoE-L EQSF(1993-95)-03), and the Russian Science Foundation for Basic Research (Project 96-03-32092).
Thiswork was supported by the Center for Advanced Microstructures and Devices, at Louisiana State University
through a grant provided by the State of Louisiana. Work at the Advanced Light Source at Lawrence Berkeley
National Laboratory was supported by the United States Department of Energy (DE-ACO03-76SF00098).

Principal investigator: Robert P. Winarski, Department of Physics, Tulane University, New Orleans, Louisiana
70118 USA. Email: Robert.P.Winarski@T ulane.Edu. Telephone: 504-763-6342.



